Background
==========

Largely as a consequence of their sessile life styles, plants accumulate hundreds of thousands of specialized compounds (phytochemicals), primarily derived from secondary metabolism \[[@B1]\]. These phytochemicals are often synthesized in cellular compartments different from where they accumulate \[[@B2]\]. Many phytochemicals are secreted, either in a constitutive fashion, or in response to specific biotic or abiotic stress conditions. The secretion of phytochemicals has been best described for gland cells \[[@B3]\] and for roots \[[@B4]\]. In some cases, the secretion involves specific proteins, such as ABC transporters \[[@B5]\], responsible for example in the secretion of antifungal terpenoids in *Nicotiana plumbaginifolia*\[[@B6]\]. In other instances, vesicles participate in the transport of phytochemicals from the site of synthesis to the cell surface, as shown for the secretion of capsaicinoid vanillyl amides in placentae from red pepper \[[@B7]\], or for the secretion of epicuticular waxes by cork cells in sorghum \[[@B8]\]. In most cases, however, no mechanisms have been proposed to explain the transport of small molecules, often highly reactive or toxic, within cells, or even between cells, as observed in alkaloid biosynthesis in *C. roseus*\[[@B9]\].

In contrast to the ease by which the transit of fluorescence-tagged proteins is followed, the study of the pathways by which small molecules move from one sub-cellular compartment to another has been complicated by the difficulties associated with tracking these movements. Phytochemicals are difficult to observe within the cell using immunological techniques, and pigmented compounds such as the flavonoid-derived anthocyanins become colored only after they reach their final destination, in this case the vacuole or vacuole-like compartment \[[@B10]\]. The anthocyanin pigments accumulate in the central vacuole. As is the case for other phenylpropanoids and flavonoids, anthocyanins are likely to be synthesized on the cytoplasmic face of the endoplasmic reticulum (ER) \[[@B11],[@B12]\]. The transport of anthocyanins to the vacuolar compartment may involve specialized glutathione *S*-transferases that serve as flavonoid carrier proteins \[[@B13],[@B14]\]. More recently, the *tt12*gene from Arabidopsis was shown to encode a member of the MATE (multidrug and toxic compound extrusion) family of transporters involved in the sequestration of flavonoids to the vacuole of seed coat endothelium \[[@B15]\].

We have exploited the accumulation of two auto-fluorescent compounds induced by the P1 transcription factor in Black Mexican Sweet (BMS) maize cells in culture \[[@B16]\] to start to dissect possible mechanisms by which small molecules traffic within plant cells. *P1*encodes a R2R3 MYB transcription factor that regulates the accumulation of 3-deoxy flavonoids in maize floral organs \[[@B17]\]. The expression of P1 in BMS cells resulted in the accumulation of several flavonoids and phenylpropanoids \[[@B16]\]. P1-expressing BMS cells display a number of morphological changes, including a dilatation of the ER and the accumulation of electron-dense structures that appear to accumulate originally in the ER to then migrate to the cell surface to fuse with the plasma membrane \[[@B16]\]. P1-expressing BMS cells also accumulated an increased quantity of yellow- and green auto-fluorescent compounds targeted to the vacuole and cell wall, respectively \[[@B16]\].

Here, we provide a detailed characterization of the BMS cells accumulating green and yellow auto-fluorescent compounds after the expression of P1. These compounds accumulate in green and yellow fluorescent bodies (GFB and YFB respectively), which are targeted to the cell wall and vacuole, respectively. The YFBs accumulate in the large central vacuole in structures that resemble anthocyanic vacuolar inclusions (AVIs) \[[@B18]\]. We show that the secretion of the green auto-fluorescent compounds to the cell wall is not inhibited by agents that disrupt the *trans*-Golgi network (TGN). Together, our studies suggest that these auto-fluorescent compounds represent a powerful tool in dissecting the trafficking of phytochemicals, and indicate a possible novel secretion mechanism that does not involve the TGN network.

Results
=======

Accumulation of green and yellow auto-fluorescent bodies in maize BMS cells
---------------------------------------------------------------------------

The large size of Black Mexican Sweet (BMS) maize cells provides a good opportunity to investigate the sub-cellular trafficking of phytochemicals. BMS cells expressing the P1 R2R3 MYB transcription factor from the *CaMV 35S*promoter (35S::P1) accumulate yellow- and green auto-fluorescent compounds targeted to the vacuole and cell walls, respectively \[[@B16]\]. Because 35S::P1 cells in culture tend to suppress the expression of the *P1*transgene after extended propagation, we investigated the trafficking and sub-cellular localization of the yellow- and green auto-fluorescent compounds in BMS cells expressing *P1*from an estradiol inducible promoter (ERE::P1, \[[@B19]\]). The addition of 10 μM estradiol to ERE::P1 BMS cells induces the accumulation of green- and yellow auto-fluorescent compounds, often co-existing in the same cell (Fig. [1](#F1){ref-type="fig"}).

![**Accumulation of green and yellow auto-fluorescent compounds in maize cells expressing the *P1*gene.**Confocal microscopy image of a maize BMS cell expressing the *P1*gene from the estradiol-inducible promoter (false colors in image). The green and yellow fluorescent bodies are indicated as GFB and YFB respectively.](1471-2229-3-10-1){#F1}

The accumulation of the green auto-fluorescent compounds is first observed in the cytoplasm of ERE::P1 cells 2--3 days after the addition of estradiol (Fig. [2A](#F2){ref-type="fig"}). Six to seven days after induction, a fraction of the cells starts showing green fluorescence on the cell surface. Interestingly, even after 9--10 days following the induction with estradiol, only 2% of the total cells in a culture contain green fluorescent compounds in either the cytoplasm or the cell surface (Fig. [2A](#F2){ref-type="fig"}). In contrast to the green auto-fluorescence, the yellow auto-fluorescent compounds are frequently found in cells not treated with estradiol (Fig. [2B](#F2){ref-type="fig"}), but the induction of *P1*expression increases the number of cells accumulating these compounds (Fig. [2B](#F2){ref-type="fig"}), as well as the amount of the yellow fluorescence in the cells. The fluorescent spectral properties of methanol extracts obtained from ERE::P1 BMS cells induced for 7 days were compared to those of control BMS cells not expressing P1. Maximum fluorescence was observed at 568 nm (in a rather broad peak, excitation 440 -- 460 nm), consistent with the microscopic visualization of the green and yellow fluorescence with an FITC filter \[[@B16]\].

![**Accumulation of green and yellow auto-fluorescence in ERE::P1 cells.**(A) Accumulation of green fluorescence in ERE:: P1 cells after induction with estradiol. The y-axis indicates the percentage of cells with cytoplasmic GFBs (green line) or cell wall green fluorescence (orange line). (B) Accumulation of yellow auto-fluorescence in ERE::P1 cells treated (blue line) or not treated (black line) with estradiol. The y-axis indicates the percentage of cells displaying yellow fluorescence.](1471-2229-3-10-2){#F2}

Accumulation of the yellow fluorescent compounds to the central vacuole
-----------------------------------------------------------------------

The yellow auto-fluorescent compounds accumulate in the central vacuole in the form of discrete structures (YFBs, yellow fluorescent bodies) (Fig. [3A,3B](#F3){ref-type="fig"}). The number of YFBs per vacuole is variable, with some vacuoles having just a few (Fig. [3A](#F3){ref-type="fig"}), while others can have 50 or more YFBs (Fig. [1](#F1){ref-type="fig"}). The yellow fluorescence can also be found in the cytoplasm in the form of small bodies that resemble vesicles (Fig. [1](#F1){ref-type="fig"}). Thus, it is tempting to speculate that the cytoplasm is the initial site of synthesis of the yellow auto-fluorescent compounds, which traffic to the vacuole through vesicle-like structures.

![**Localization of the YFB to the vacuole.**(A) Epifluorescence microscopy and (B) bright field image of a cell accumulating YFBs in the large central vacuole. (C) TEM micrograph showing YFBs in the central vacuole, and (D) corresponds to a higher magnification of the region in a box in (C).](1471-2229-3-10-3){#F3}

The accumulation of the YFBs in the vacuole is intriguing and resembles the anthocyanic vacuolar inclusions (AVIs) often found in the petals of many red and blue flowers \[[@B18]\]. Under the epifluorescence microscope, the YFBs have a regular boundary (Fig. [3A,3B](#F3){ref-type="fig"}). However, transmission electron microscope (TEM) micrographs show vacuolar electron-dense bodies of a size similar to the YFBs, yet with an irregular boundary (Fig. [3C,3D](#F3){ref-type="fig"}). While we suspect that the fixing conditions might be responsible for the irregular boundary in the TEM micrographs, we cannot conclusively conclude from these findings whether a membrane encircles the vacuolar YFBs or not.

Transport of the green fluorescent compounds to the cell wall
-------------------------------------------------------------

Similar to the yellow fluorescent compounds, the green auto-fluorescent compound initially accumulates in the cytoplasm in the form of small bodies that resemble vesicles, which coalesce into very large GFBs (Fig. [4A,4B](#F4){ref-type="fig"}). At longer times, after the induction with estradiol, an increased number of cells accumulate GFBs close to the cell wall (Fig. [4C](#F4){ref-type="fig"}), suggesting a migration of these structures towards the periphery of the cells. The green fluorescence observed in the cell walls (Fig. [4D](#F4){ref-type="fig"}) indicates that this is the ultimate destiny of the green auto-fluorescent compounds. Consistent with these observations, protoplasts of ERE::P1 cells induced for 7--10 days with estradiol accumulate GFBs in the cytoplasm, but lack green fluorescence in the cell surface (not shown). To further examine the accumulation of the green auto-fluorescent compounds in the cell surface, we took advantage of the rare examples of plasmolized cells normally present in BMS cultures. When we examined a large number of estradiol-induced ERE::P1 BMS cells, we frequently found structures resembling the GFBs in the periplasmic space of plasmolized cells (Fig. [5A,5B](#F5){ref-type="fig"}).

![**Localization of GFBs in ERE::P1 induced BMS cells**. (A-D) Epifluorescence microscopy of cells present in ERE::P1 cells induced for 7--10 days with 10 μM estradiol representing the accumulation of GFBs in the cytoplasm (A, B), their migration to the cell surface (C) and release of green fluorescence to the cell wall (D).](1471-2229-3-10-4){#F4}

![**Accumulation of green fluorescence in the periplasmic space in plasmolized ERE::P1 BMS cells.**(A) Epifluorescence microscopy and (B) bright field image of a plasmolyzed BMS cell accumulating two green fluorescent bodies in the periplasmic space.](1471-2229-3-10-5){#F5}

The presence of GFBs coincides with the presence of ER-derived electron-dense bodies
------------------------------------------------------------------------------------

To better determine the origin and the anatomy of the GFBs, cells accumulating these bodies were separated with a micromanipulator from a ERE::P1 BMS suspension culture induced for 4 days with estradiol. Cells were fixed and examined by transmission electron microscopy (TEM). Green fluorescing cells contained electron-dense spherical bodies (indicated with arrows in Fig. [6](#F6){ref-type="fig"}). These electron-dense bodies, absent in cells not accumulating GFBs, are found closely associated with structures that resemble the expanded ER (Fig. [6C](#F6){ref-type="fig"}) characteristic of BMS over-expressing P1, as well as close to the plasma membrane (Fig. [6E,6F](#F6){ref-type="fig"}). The size of these electron dense bodies rarely exceeds 300 nm (Fig. [6](#F6){ref-type="fig"}). Similar electron-dense structures were previously observed in 35S::P1 cells \[[@B16]\]. Contrary to the GFBs, which were sometimes observed in the periplasmic space, the electron-dense structures were found to fuse with the plasmalemma \[[@B16]\].

![**Ultrastructure alterations of BMS cells expressing P1 from the inducible ERE promoter.**(A) BMS cell prior to induction. (B-F) Cells 4 days after the addition of estradiol. Cells containing green fluorescent bodies (GFB) were selected using a micro-manipulator under the fluorescence microscope. The white arrows indicate electron-dense structures uniquely associated with the presence of the GFBs. CW indicates the cell wall.](1471-2229-3-10-6){#F6}

Effect of Golgi-disturbing agents on the secretion of the green fluorescent compounds
-------------------------------------------------------------------------------------

To determine whether the secretion of the green auto-fluorescent compounds involves the Golgi apparatus and the *trans*Golgi network (TGN), we investigated the effect of Golgi-disturbing agents with respect to the accumulation and distribution of the green auto-fluorescent compounds present in induced ERE::P1 cells. Brefeldin A (BFA) blocks protein secretion by promoting the disassembly of the Golgi apparatus \[[@B20],[@B21]\]. The treatment of plant cells with BFA results in the complete loss of vesicle formation from the TGN and the generation of ER-Golgi hybrid compartments \[[@B22]\]. We rationalized that, if the TGN were involved in the secretion of the green auto-fluorescent compound to the cell wall, as is the case for the secretion of cell wall polysaccharides \[[@B23]\], epicuticular waxes \[[@B8]\] and proteins, then the treatment with BFA should abolish the cell wall fluorescence.

When ERE::P1 cells were treated simultaneously with 10 μM estradiol and 10 μg/ml of BFA, we observed a dramatic increase in the number of cells accumulating cytoplasmic GFBs (Fig. [7A](#F7){ref-type="fig"}). At eight days, for example, more than 16% of the estradiol- and BFA-treated cells accumulated green fluorescence (Fig. [7A](#F7){ref-type="fig"}), compared with less than 1% of the cells treated only with estradiol (Fig. [2A](#F2){ref-type="fig"}). The increase in green fluorescence-accumulating cells was already evident at 2--4 days after induction and continued until day ten, at which time cells started accumulating brown pigmentation, suggestive of cell death (not shown). Strikingly, however, the number of cells with green fluorescence in the cell wall increased proportionally, yet in a delayed fashion, to the number of cells with GFBs (Fig. [7A](#F7){ref-type="fig"}). The treatment of ERE::P cells with just 10 μg/ml of BFA (no estradiol) resulted in a very low induction of green fluorescence-accumulating cells (Fig. [7A](#F7){ref-type="fig"}), presumably due to the low level of P1 expression in the absence of the hormone. In addition to the increased presence of cytoplasmic and cell wall fluorescence, estradiol-induced cells treated with BFA often accumulated abnormal membranous structures filled with green fluorescence (Fig. [7B](#F7){ref-type="fig"}). These structures were only present in cells treated with BFA and were never observed in ERE::P1 cells treated only with estradiol. These structures may correspond to ER compartments filled with green fluorescent compounds, which would further suggest the ER as the possible site of initial accumulation for this compounds. Alternatively, the tubular organizations (Fig. [7B](#F7){ref-type="fig"}) may correspond to the sponge-like structures also observed in tobacco BY-2 cells after prolonged exposure (5 hours) to BFA \[[@B22]\].

![**Effect of BFA on the accumulation of green auto-fluorescent compounds.**(A) Accumulation of green fluorescence compounds in ERE::P1 cells after treatment with BFA, induced (squares) or not induced (triangles) with estradiol. The y-axis indicates the percentage of cells with cytoplasmic (green line) GFBs or cell wall (red line) green fluorescence. (B) Epifluorescence and bright field microscopic image of ERE::P BMS cell 6 days after treatment with estradiol and 10 μg/ml of BFA indicating the tubular structures sometimes filled with green fluorescence that appear after the treatment with BFA.](1471-2229-3-10-7){#F7}

To conclusively establish that the integrity of the TGN is not necessary for the secretion of the green auto-fluorescent compound, we treated ERE::P1 cells with estradiol and monensin, another TGN disturbing agent that has a different mechanism of action than BFA \[[@B21]\]. Treatment of ERE::P1 cells with 10 μM estradiol and 10 μM monensin resulted in more than 17% of the ERE::P cells accumulating green fluorescence in the cell wall after just 2 days, up to 30% after 3 days, while in the control with just 10 μM monensin (no estradiol) only 0.5% ERE::P1 cells contained green fluorescence compound(s) in the cell walls (not shown). However, the treatment with monensin resulted in accelerated cell death, making it impossible to investigate the effect of this agent at longer times. Different from BFA, the number of cells with cytoplasmic GFBs did not increase significantly over 2% during the five days of treatment. This observation suggests that both BFA and monensin increase cell wall fluorescence; the distinct effects on the cytoplasmic fluorescence may reflect the different mechanisms by which BFA and monensin function. The accumulation and vacuolar localization of the yellow fluorescent compounds was not affected by the treatment with BFA or monensin (not shown).

Discussion
==========

Here, we investigated the accumulation of green and yellow auto-fluorescent compounds in maize BMS cultured cells as potential markers to follow the sub-cellular trafficking of plant small molecules. Gaining a better understanding of the process by which phytochemicals move within and between plant cells is central for the manipulation of plant metabolism.

We show that the green and yellow auto-fluorescent compounds are targeted to distinct sub-cellular compartments: the green fluorescent compound to the cell wall and the yellow fluorescent compound to the vacuole. The cell wall and the vacuole are two main sites for the accumulation of phenolic compounds \[[@B2]\]. Thus, establishing the pathways used by these fluorescent compounds to traffic to these two structures can significantly advance our understanding of how important phytochemicals derived from phenolic metabolism are transported to the cell wall (e.g. lignins, phlobaphene pigments) or the vacuole (e.g. anthocyanins, sinapoyl esters, condensed tannins).

The yellow auto-fluorescent compounds appear to initially accumulate in small vesicles in the cytoplasm. In the vacuole, the yellow fluorescent compounds are present in YFBs. These YFBs have striking similarities to the AVIs and anthocyanoplasts present in many cells accumulating high levels of anthocyanins \[[@B18]\], and in BMS cells expressing the C1 and R regulators \[[@B16]\]. We have not yet established whether a membrane encloses these compounds, an issue that has been controversial with the AVIs \[[@B18]\].

The green fluorescent compounds also accumulate initially in the cytoplasm. Small vesicle-like structures containing these compounds coalesce to form the large GFBs. The GFBs appear to migrate to the cell surface where the green fluorescent compounds are released to the cell wall. The presence of the GFBs strongly correlates with the appearance of electron-dense spherical bodies evident under the TEM. Similar to the GFBs, these spherical structures can be found at the cell surface, even fusing to the plasma membrane. They are also present inside the expanded ER, suggesting that the ER is probably their initial accumulation site \[[@B16]\]. Interestingly, a recent study on *Arabidopsis*roots determined that at least two flavonoid biosynthetic enzymes, chalcone synthase and chalcone flavanone isomerase, are localized in electron-dense bodies that resemble in size and localization the electron-dense structures observed here \[[@B24]\]. Similar vesicle-like structures have been also previously observed for the localization of a flavonol *O*-glucosyltransferase in *Chrysosplenium americanum*cells \[[@B25]\], and for *Primula kewensis*\' chalcone synthase \[[@B26]\]. These findings open the possibility that cytoplasmic structures resembling the electron-dense bodies described here function not only as the sites of storage or transport of specific phytochemicals, but also participate in specific steps in their synthesis, similar to what has been found for alkaloid vesicles \[[@B27]\].

While it is tempting to speculate that electron-dense structures as observed in the TEMs and the GFBs, so far observed only in P1-expressing cells, are one and the same, their sizes are strikingly different. The GFBs are often up to 3 μm in diameter, while the spherical electron-dense structures are rarely larger than 0.3 μm in size. We cannot rule out the possibility that the size difference is a consequence of sample fixation for the TEM studies. Alternatively, the GFBs and the electron-dense bodies may correspond to different structures induced by the expression of P1 or by the accumulation of P1-regulated compounds.

The treatment of ERE::P1 cells with estradiol and the TGN disturbing agents BFA or monensin does not result in an inhibition of the accumulation of the green fluorescence in the cell wall, as it would be expected if the secretion of these compounds follows a pathway similar to proteins, i.e. through the TGN. Rather, the accumulation of the green fluorescence increases dramatically in the cell wall. An enzymatic polymerization or degradation of the green fluorescent compounds in the cell wall could explain the increase in cell wall fluorescence in the presence of BFA or monensin. The secretion of the enzyme responsible for this would be blocked by BFA and monensin, resulting in the observed increase in cell wall green fluorescence. In contrast, the accumulation of the yellow fluorescent compounds in the vacuole is not increased by BFA or monensin, suggesting that the transport of the green and yellow fluorescent compounds to the cell wall and the vacuole respectively, occurs by different mechanisms.

The results presented here suggest the existence of a secretion pathway in BMS cells for the green fluorescent compounds that does not require the TGN. Structural analyses have previously suggested the existence of secretion pathways that involve the direct fusion of the ER to the plasma membrane, or of vesicles derived from the ER that do not appear to involve the TGN \[[@B3]\]. What is the nature of the GFBs present in the BMS cells expressing P1? Based on our current knowledge, we cannot rule out the formal possibility that the GFBs are proteinaceous or crystalline in nature. Indeed, we have been so far unable to isolate these bodies by differential centrifugation from gently lysed protoplasts, in conditions under which the YFBs retain their identity and fluorescent properties (not shown). However, the observation of GFBs in the periplasmic space of induced ERE::P1 BMS cells resembles the secretion of exosomes by many animal cells in culture \[[@B28]\]. Exosomes are believed to derive from late multi-vesicular compartments such as endosomes or the secretory lysosomes characteristic of dendritic and some hemapoietic cells \[[@B29]\]. A possible origin of the GFBs from an endosomal or vacuolar compartment would be consistent with the observed insensitivity to BFA and monensin, as a secretion pathway originating from these compartments would be after the Golgi block caused by the drugs. Alternatively, the GFBs could correspond to some specialized domain of the ER that has the ability to fuse with the plasma membrane. Determining the identity of the GFBs and the presence of similar structures in cells secreting other metabolites should provide fundamental information regarding the mechanisms used by plants for the trafficking of phytochemicals to the cell surface.

Conclusions
===========

The green and yellow auto-fluorescent compounds are potentially powerful tools to investigate the mechanisms by which specialized compounds (phytochemicals) traffic within plant cells, from their site of synthesis to the compartment where they ultimately accumulate. While the chemical identity and the site of synthesis of these compounds remain to be established, it is evident that the possibility to follow these compounds within the cell by their fluorescing properties will allow the isolation and biochemical characterization of the structures in which they accumulate. The secretion of the green fluorescent compounds evidently occurs by a mechanism distinct from the secretion of proteins. Whether this involves a specialized vesicular system is currently under investigation. Establishing the pathways involved in the sub-cellular trafficking of phytochemicals is essential for the successful engineering of plant metabolism.

Methods
=======

Treatment of BMS cells with estradiol and Golgi disturbing agents
-----------------------------------------------------------------

BMS cells were grown and maintained in the conditions previously described \[[@B30]\]. Newly sub-cultured cells were used for treatments of estradiol and Golgi disturbing agents. For the induction with estradiol, 25 μl of a stock solution of 20 mM β-estradiol 17-propionate (Sigma) in ethanol was added to 50 ml of BMS cell culture suspension. For the treatments with the Golgi disturbing agents, stock solutions of 20 mg/ml of BFA (Sigma) and 20 mM of monensin (Sigma) were prepared in ethanol. The treatment with BFA was done at a final concentration of 10 μg/ml and monensin at 10 μM. For microscopy examinations, 0.5--1 ml of cell culture was taken out every 24 hours after treatment.

Microscopy methods
------------------

The BMS cells were diluted to 100,000 cells/ml with cell culture medium. For epifluorescence experiments, 50 μl of diluted cells were loaded on slides with a 20 × 40 mm cover slip. The cells containing GFBs or YFBs were counted and photographed under a Zeiss Axiovert-100 fluorescent microscope coupled to a Bio-Rad MRC-1024 imaging system, using a blue filter adequate for FITC detection. Pictures images were taken using Kodak 35 mm slide film (160 T). At least 10,000 living cells were observed in each sample.

Electron Microscopy
-------------------

The cells containing YFBs and GFBs were picked up using a micro-manipulator (MMO-203, Narishige) under the fluorescence microscope. After double fixations in 2.5% glutaraldehyde and 1% OsO~4~, the cells were embedded in Spurr\'s Low Viscosity resin. Ultrathin sections were prepared with an ultramicrotome (Reichert Ultracut E). The sections were mounted on 100 mesh nickel grids coated with Formvar film and stained with 1% uranyl acetate for 10 min and 0.3% lead citrate for 5 min. Observation and photography were conducted using a Philips 301 transmission electron microscope.
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